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Abstract
Atomically monodispersed heterogeneous catalysts with uniform active sites and high atom utilization
e�ciency are ideal heterogeneous catalytic materials. Designing such type of catalysts, however, remains
a formidable challenge. Herein, using a wet-chemical method, we successfully achieved a mesoporous
graphitic carbon nitride (mpg-C3N4) supported dual-atom Pt2 catalyst, which exhibited excellent catalytic
performance for the highly selective hydrogenation of nitrobenzene to aniline. The conversion of 99% is
signi�cantly superior to the corresponding values of mpg-C3N4-supported single Pt atoms and ultra-
small Pt nanoparticles. First-principles calculations revealed that the excellent performance of the dual-
atomic Pt2 species originates from an effective activation of the nitro groups in the reactant. The
produced Pt2/mpg-C3N4 samples are versatile and can be applied in catalyzing other important
reactions, such as the selective hydrogenation of benzaldehyde and the epoxidation of styrene.

Introduction
Atomically monodispersed heterogeneous catalysts with uniform active sites can be used as ideal
models for understanding the correlations between compositions/structures and the corresponding
performances, which are not only signi�cant but also challenging in heterogeneous catalysis research.1–4

Besides, atomically monodispersed catalysts also have high atom utilization e�ciency and usually
exhibit excellent catalytic activity.5–9 The well-known single-atom catalysts have been widely employed in
many heterogeneous reactions.10–23 Compared with single-atom catalysts, dual-atom catalysts not only
possess the same advantages of uniformity in the active sites and high atom utilization e�ciency,24–27

the two metal atoms involved can also cooperate and play a synergistic role in optimizing interactions
between the active sites and reactants or intermediates.28–33 This may help to break the intrinsic linear
scaling relationship between adsorption energies of reaction intermediate and further improve the
catalytic performances. Although dual-atom heterogeneous catalysts possess so many unique
advantages, synthesizing such materials remains a great challenge, which mainly comes from the
di�culty in controlling uniform con�gurations of the active sites at the atomic scale.

Selective hydrogenation and epoxidation are two signi�cant approaches to produce �ne chemicals and
high-value products in practical industrial applications.34–35 These reactions include, for instance, the
selective hydrogenation of nitroarenes to amines36–37, the selective hydrogenation of aldehyde
compounds to alcohol compounds38–39, and the epoxidation of alkenes to epoxides40–41. So far, many
non-noble metal catalysts have been developed for catalyzing the reactions, but the harsh reaction
conditions hinder their wide applications42–43 Currently, conventional noble-metal catalysts are still the
most commonly employed catalysts in those reactions, but they generally suffer from low atom
utilization e�ciency and the inevitably high cost.41–44 We thereby expect atomically monodispersed
heterogeneous catalysts to play a role in the reactions.
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Herein, we have successfully synthesized a Pt2/mpg-C3N4 catalyst by using a simple wet-chemical
method. The as-prepared sample possessed a dual-atom Pt2 structure that was evidenced with aberration
correction transmission electron microscopy, X-ray absorption �ne structure data, and �rst-principles
simulations. The dual-atom Pt species exhibited excellent catalytic performance toward the selective
hydrogenation of nitrobenzene to aniline and behaved much better than Pt single-atom catalysts and
ultra-small Pt nanoparticles. First-principles calculations revealed that the unique catalytic properties of
Pt2/mpg-C3N4 originate from its ability to effectively activate the N = O bonds of the nitro groups. The
application of the superior Pt2/mpg-C3N4 catalyst has also been extended to the selective hydrogenation
of benzaldehyde to benzyl alcohol and the epoxidation of styrene to styrene oxide.

Results
Synthesis and characterization of Pt 2 /mpg-C 3 N 4 samples. The Pt2/mpg-C3N4 sample was synthesized
using the wet-chemical strategy. (Ethylenediamine)iodoplatinum(II) dimer dinitrate and mesoporous
graphitic carbon nitride (mpg-C3N4) were selected as the dual-atomic Pt precursor and the substrate. They
were mixed and further pyrolyzed to remove the ligands from the dual-atom Pt precursor. The Pt1/mpg-
C3N4 and the Pt nanoparticle/mpg-C3N4 samples were synthesized using the same method, except the Pt
species being replaced by H2PtCl6 and Pt nanoparticles, respectively.

The X-ray diffraction (XRD) pattern (Supplementary Fig. S1) demonstrated that the synthesized mpg-
C3N4 sample has a graphitic packing structure,45,46 and the disordered spherical pores of mpg-C3N4 were
captured by the transmission electron microscopy (TEM) image (Supplementary Fig. S2). Upon the
loading of the dual-atom Pt precursor, neither Pt nanoparticles nor nanoclusters were observed in the
TEM (Supplementary Fig. S3) and HAADF-STEM images (Fig. 1a). Moreover, no additional diffraction
peaks of Pt lattices were found in the XRD pattern (Supplementary Fig. S1). The energy-dispersive X-ray
(EDX) spectroscopy further demonstrated a homogeneous distribution of the Pt species (Fig. 1b). The
inductively coupled plasma optical emission spectrometry indicated that the content of Pt is 0.15 wt%. All
the above results indicated that dual-atom Pt had been homogeneously dispersed on the mpg-C3N4

substrate. After the pyrolysis procedure, no infrared spectroscopy absorption peaks that correspond to the
ligands of the precursor were observed in the Pt2/mpg-C3N4 sample, which supported a complete removal
of the ligand molecules (Supplementary Fig. S4). To further con�rm the dual-atomic feature of the Pt
species, aberration-corrected (AC) HAADF-STEM was applied to characterize the Pt2/mpg-C3N4 sample.
Many paired bright dots (marked with white circles) were observed in the AC HAADF-STEM image, which
is consistent with the feature of two Pt atoms (Supplementary Fig. 1c). Besides, a few isolated bright dots
(marked with green circles) were also observed, which we attributed to an overlap of paired Pt dots in the
incident beam direction or an incomplete imaging of the dual-atom Pt species due to incomplete focusing
(Supplementary Fig. 1c). The detailed features of Pt2 dual-atom are different from each other depending
on their orientations in three dimensions because the AC STEM image just showed a two-dimensional
projection from the three-dimensional Pt2/mpg-C3N4 samples.47 For comparison, only isolated bright dots
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appeared in the corresponding Pt1/mpg-C3N4 image, further con�rming the sharply difference between
dual-atom and single-atom Pt species. (Fig. 1d and Supplementary Fig. S5-7).

X-ray absorption �ne structure spectroscopy, which is a powerful technique for determining the chemical
state and coordinated environment, was also applied to characterize the Pt species. The Pt L3-edge X-ray
absorption near-edge structure (XANES) spectra of the Pt2/mpg-C3N4 and Pt1/mpg-C3N4 samples, as well
as the corresponding references, are shown in Fig. 2a. Here, the white line intensity peak of dual-atom Pt2

is located between those of Pt foil and PtO2, indicating that the two Pt atoms possess positive charges.
This can be attributed to the strong interaction between the dual-atom Pt species and the mpg-C3N4

substrate or partial oxidation of dual-atom Pt by the O2, which is similar to the case of Pt1/mpg-C3N4. The

Fourier-transformed (FT) k3-weighted extended X-ray absorption �ne structure (EXAFS) spectra of
Pt2/mpg-C3N4 showed a sharp peak located at 1.62 Å, which is also similar to the result of Pt1/mpg-C3N4

and can be assigned to the Pt-N/O contributions (Fig. 2b). For Pt2/mpg-C3N4, another distinct peak at
2.44 Å was found, similar to the Pt-Pt path of Pt foil but not observed in the spectrum of the Pt1/mpg-
C3N4 sample. It reveals that the Pt-Pt path should also be taken into account in the spectrum of Pt2/mpg-
C3N4. Wavelet Transforms (WT) EXAFS analysis is powerful method to discern the scattering atoms
because it can provide both R-space and k-space resolutions. WT EXAFS analysis results show that the
WT EXAFS spectrum of dual-atom Pt2 shows maximum at 4.6 Å−1 in k-space and 1.6 Å in R-space,
corresponding to the Pt-O and Pt-N bond. Besides, two distinct peaks are observed at ~ 2.5 Å in R-space,
which refers to the Pt-O (oxygen at second shell, k = 3.7 Å−1) and Pt-Pt (k = 8 Å−1). Therefore, the structure
of Pt2 consists of a Pt-Pt bond with surrounding O attached (Supplementary Fig. 2e). The EXAFS �tting
results further showed that the �rst peak at 1.62 Å comes from the Pt–N/O contributions and the second
one at 2.44 Å is from the Pt-Pt path (Fig. 2c-2d, Supplementary Fig. S8-9, and Supplementary Table 1).
The coordination number of the Pt–N/O path was estimated to be 2.4 at the distances of 2.02 Å, and the
second coordination sphere by the Pt-Pt path was assessed to 1.1 with the corresponding distance to be
2.61 Å.

The con�guration of the Pt2/mpg-C3N4 sample was also explored by extensive �rst-principles
calculations, with the optimized geometry shown in the inset of Fig. 2c. Firstly, we considered various
kinds of Pt2/g-C3N4 structures without oxygen atoms (Supplementary Fig. S10) in the simulations, but
none of them matched the XAFS information. It is worth noting that, since the measurement of the XAFS
spectra were performed in air, the oxygen molecules contained in the atmosphere had interacted with and
attached to the Pt species, which is also consistent with the WT EXAFS analysis result (Supplementary
Fig. 2e). Such oxygen atoms, however, will be removed by hydrogen molecules at the initial stage of the
following hydrogenation reaction. Furthermore, we explored the possibility structures of dual-atom Pt2

with the oxygen atoms (Fig. 2f and Supplementary Fig. S11). Fortunately, the Pt-N/O and the Pt-Pt bond
lengths were calculated to be 1.96 ± 0.14 Å and 2.55 Å, with the corresponding coordination numbers
being 2.5 and 1.0 based on the model in Fig. 2c. The information agrees well with results from the XAFS
data.
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Hydrogenation of nitrobenzene to aniline. The catalytic performance of Pt2/mpg-C3N4, Pt1/mpg-C3N4,
and Pt nanoparticles (~ 2 nm)/mpg-C3N4 (Supplementary Fig. S12) were then investigated. Under the
conditions of 4 MPa H2 pressure and 100℃, a conversion of 99% was obtained on the Pt2/mpg-C3N4

catalyst for the hydrogenation of nitrobenzene to aniline, while no by-product was detected (Fig. 3a).
Such Pt2/mpg-C3N4 sample can be reused at least �ve times without any loss of the activity (Fig. 3b).
After �ve cycles, the HAADF-STEM image and EXAFS spectrum of the Pt2/mpg-C3N4 material did not
exhibit any change, indicating that the Pt species were still well dispersed as dual-atom Pt pairs
(Supplementary Fig. S13-14). It may be worth mentioning that the mpg-C3N4 support is reactively inert
under the same conditions. By contrast, the corresponding conversions of Pt1/mpg-C3N4 and Pt
nanoparticles/mpg-C3N4 sharply dropped to 23% and 12%, respectively, demonstrating the uniqueness of
the dual-atom Pt species in the catalytic properties (Fig. 3a). To investigate whether the outstanding
catalytic performance is general for the hydrogenation of nitroarenes, we have explored the
hydrogenation of several other nitroarene derivatives, including p-nitrophenol, p-nitrotoluene, tetrachloro-
nitrobenzene, and tetrabromonitrobenzene. We found that Pt2/mpg-C3N4 exhibits excellent yields for all
corresponding anilines (Fig. 3c).

The superior catalytic performance of Pt2/mpg-C3N4 compared with those of the Pt1/mpg-C3N4 sample
and the Pt nanoparticles was, according to our �rst-principles simulations, attributed to the formation of
the Pt-O chemical bonds between the diatomic Pt2 species and the nitro groups, which brings about
effective activation of the N-O bonds. In Fig. 4, we present the adsorption con�gurations of nitrobenzene
on Pt2/g-C3N4 and Pt1/g-C3N4 as well as on a Pt(111) surface (to represent the outermost layer of Pt
nanoparticles). One can see that on Pt2/g-C3N4, the two oxygen atoms of the nitro group can form
chemical bonds with the two Pt atoms, while on Pt1/g-C3N4 and Pt(111), the nitro group becomes far
away from the Pt atoms. Only in the former case, the N-O bond lengths exhibit a signi�cant elongation
from 1.25 Å (the corresponding value of an isolated nitrobenzene molecule) to 1.35 Å, which makes the
N-O bond rupture become much easier in the subsequent hydrogenations.

In the reduction of nitrobenzene to aniline, the detailed processes of the N-O bond cleavage and the N-H
bond formation are displayed in Fig. 5. As we have expected based on the elongation of the N-O bonds,
the N-O rupture is easy to occur (S2), during which a barrier of only 0.60 eV (TS1) is required to overcome.
After that, the �rst H2 molecule approaches the N and the O atoms (S3) and reacts with them via the
Eley–Rideal (ER) mechanism (TS2), producing the �rst N-H bond and a hydroxyl group (S4). Upon the
elimination of the hydroxyl group by a second H2 molecule (not shown in Fig. 5), the second N-O bond is
broken in the same way (S6), showing a barrier of 0.61 eV (TS3). As the third H2 molecule participates in
the reaction through the same ER mechanism (S7 and TS4), the second N-H bond is formed,
corresponding to the production of aniline (S8). After desorption of the aniline product and recombination
of the remaining hydroxyl group and H atom, as well as adsorption of another nitrobenzene molecule
(S1), a new round of the catalytic cycle will start again.
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Hydrogenation of benzaldehyde and epoxidation of alkenes.

The produced Pt2/mpg-C3N4 catalyst is versatile and can be employed in other important reactions
besides the selective hydrogenation of nitrobenzene. For example, under the conditions of 4 MPa H2

pressure and 120℃, the Pt2/mpg-C3N4 sample showed optimal catalytic performance toward the
hydrogenation of benzaldehyde to benzyl alcohol (Fig. 6a). Speci�cally, 99% conversion and 99%
selectivity were achieved for 7 hours. It means that the aforementioned activation pattern of Pt2 can be
extended to activating substituted C = O bonds near benzene rings (Supplementary Fig. 15). Moreover, the
catalyst can be reused at least three times without any loss of the activity (Fig. 6a). As another type of
signi�cantly important reactions,48 the epoxidation of alkenes in liquid relies on extensive use of
expensive oxidants or co-reagents, which leads to a large increase in the cost. Our prepared Pt2/mpg-
C3N4 catalyst exhibited excellent catalytic performance toward the epoxidation of styrene when only O2

molecules were used as the oxidant, which well circumvents the above problem. In Fig. 6b, one can see
that Pt2/mpg-C3N4 exhibited a conversion of 93% and a selectivity of 78% after 12 h, and this is one of

the best results for the epoxidation of styrene.49–50 Here, the one-coordinated oxygen atom on the Pt2

species (Fig. 2f) plays an important role in the catalytic reaction, which is reminiscent of the diatomic Fe2

system in catalyzing the epoxidation of trans-stilbene.26

Discussion
In conclusion, we have reported an atomically monodispersed dual-atom Pt heterogeneous catalyst,
which exhibited excellent catalytic properties in selective hydrogenation and epoxidation reactions.
Multiple characterization techniques, including aberration-corrected STEM, XAFS spectra, and �rst-
principles simulations, were employed to capture the structural and chemical nature of the dual-atom Pt
species. Compared with the mpg-C3N4-supported Pt single-atom catalysts and ultra-small Pt
nanoparticles, Pt2/mpg-C3N4 exhibited much better performance toward the selective hydrogenation of
nitrobenzene, which originates from an effective activation of the N = O bonds by the Pt2 species. More
interestingly, the prepared Pt2/mpg-C3N4 catalyst is versatile and can be applied in catalyzing other
important reactions, like the hydrogenation of aldehyde compounds and the epoxidation of alkenes.

Materials And Methods
Materials

Cyanamide (98%), LUDOXR AS-40 colloidal silica 40 wt% suspension in H2O, Ammonium hydrogen
di�uoride, Hydrogen hexachloroplatinate(IV) hydrate, Platinum(II) 2,4-pentanedionate and
(Ethylenediamine)iodoplatinum(II) dimer dinitrate were purchased from Innochem. Ethanol, N,N-
dimethylformamide, and n-hexane were purchased from Sinopharm Chemical Reagent Co. Ltd.
Oleylamine and borane-tert-butylamine were purchased from Sigma-Aldrich Reagent Company.
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Synthesis of mpg-C3N4, and Pt nanoparticles.

The synthesis of mpg-C3N4 was according to the previous method without any changing.46 In preparation
of Pt nanoparticles, 20 mg Pt(II) acetylacetonate was dissolved in 10 mL OAm at 120 ℃. Then, a solution
of 100 mg borane-tert-butylamine in 2 mL OAm was added quickly into the previous solution. After 2 min,
the �ask was heated to 140 ℃ for a further 1 hour. After cooling to room temperature, the solution was
washed with ethanol.

Synthesis of Pt2/mpg-C3N4, Pt1/mpg-C3N4, and Pt NPs/mpg-C3N4.

In the typical synthesis of Pt2/mpg-C3N4, 500 mg mpg-C3N4 and 5 mg (Ethylenediamine)iodoplatinum(II)
dimer dinitrate were dissolved in the 100 mL DMF under the stirring condition. After continuous stirring
about 12h, the suspension was centrifuged. The obtained solid was washed with DMF and methanol.
The as-prepared powder was treated under the N2 atmosphere at 300 °C for 2 hours. The loading of Pt,
determined by ICP-OES analysis, is 0.15 wt%. When the temperature is above 300 °C, thermogravimetric
analysis (TGA) showed almost no more weight was losing, which indicated the ligand is removed
completely (Fig. S16). The synthesis methods of Pt1/mpg-C3N4 and Pt nanoparticles/mpg-C3N4 are
similar to the Pt2/mpg-C3N4 with some changing. In the synthesis of Pt1/mpg-C3N4, 500 mg mpg-C3N4

was dissolved in the 100 mL H2O. Then, The 2.5 mg H2PtCl6 in 10 mL H2O was added to the above
solution under vigorous stirring. After continuous stirring about 12h, the suspension was centrifuged. The
as-prepared powder was treated under the N2 atmosphere at 125 °C for 2 hours. The loading of Pt,
determined by ICP-OES analysis, is 0.18 wt%. In the synthesis of Pt nanoparticles/mpg-C3N4, 5 mg Pt
nanoparticles and 500mg mpg-C3N4 were dissolved in the mixture of 100 mL ethanol and 100 mL n-
hexane under stirring at room temperature for 12 hours. The product was separated by centrifugation,
then washed with methanol. The as-prepared powder was treated under the N2 atmosphere at 125 °C for
2 hours. The Pt loading is 0.42% determined by ICP-OES analysis.

Catalytic tests

Typical procedure for the hydrogenation of nitro-compound. In the typical experiment, the reaction
mixture containing 1 mmol nitrocompound, catalyst {equal 0.000373 mmol Pt for Pt1/mpg-C3N4,
Pt2/mpg-C3N4 and Pt nanoparticles/mpg-C3N4 or 50 mg mpg-C3N4} and 10 mL isopropanol were loaded
into the reactor. The reactor was sealed then pressurized with 1 MPa H2 and 3 MPa N2 to a setting point.
The reaction was then heated to the 100 ℃ and kept for 3 hours. The products were identi�ed by GC-MS
and GC.

Following the hydrogenation reaction, the reaction mixture was centrifuged to recover the catalyst, which
was washed �rst with acetone then water followed by drying under vacuum oven at 50 oC and employed
for the next catalytic test.
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Typical procedure for the hydrogenation of benzaldehyde. In the typical experiment, the reaction mixture
containing benzaldehyde (1 mmol), 50mg Pt2/mpg-C3N4 and 10 mL isopropanol were loaded into the
reactor. The reactor was sealed, purged three times with N2 at 1 MPa and then pressurized with 4 MPa H2

and 4 MPa N2 to a setting point. The reaction was then heated to the 120 ℃ temperature and kept for 9
hours.

Typical procedure for the epoxidation of styrene. 1 mmol styrene, 20 mg Pt2/mpg-C3N4 and 5 mL 1,4-
dioxane were mixed in a 20 ml of Schleck tube. Then, the air in the tube was removed by the oil pump. An
O2 balloon was used to blow about 1 atm O2. Finally, the reaction vessel was heated in a oil bath at 100
oC for 12 hours.

Characterization

XAFS measurements and analysis. The XAFS data of Pt L3-edge was collected in �uorescence excitation
mode using a Lytle detector at 1W1B station in Beijing Synchrotron Radiation Facility. The EXAFS data
were processed by the standard procedures using the ATHENA module implemented in the IFEFFIT
software packages. To obtain the quantitative structural parameters around central atoms, the least-
squares curve parameter �tting was performed using the ARTEMIS module of IFEFFIT software
packages.

Details of calculations. All the calculations were conducted using the Vienna ab initio simulation
package.51-52 The projector augmented wave approach53 was employed, and the energy cutoff of the
plane-wave basis set was set to 500 eV. The exchange-correlation interactions were described by the
optPBE-vdW functional,54-55 which explicitly includes effects of van der Waals forces. The �rst Brillouin
zone was sampled using a 3×3×1 Monkhorst-Pack grid.56 To simulate the mpg-C3N4 and the Pt
nanoparticles, a g-C3N4 monolayer and a Pt(111) slab model (four layers with sixteen Pt atoms within
each layer) were employed, respectively. Structural relaxations were performed until the maximum
residual force on each atom was less than 0.03 eV/Å. Transition states were located using the climbing-
image nudged elastic band method57 with a force criterion of 0.10 eV/Å. A dipole correction to the total
energies was applied along the vertical direction.
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Figure 1

Characterization of Pt2/mpg-C3N4 sample. (a) HAADF-STEM image of Pt2/mpg-C3N4. (b) EDX mapping
distributions of the C (blue), N (red), and Pt (green) elements, respectively. (c, d) AC HAADF-STEM images
of the Pt2/mpg-C3N4 and Pt1/mpg-C3N4 samples, respectively.
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Figure 2

Pt L3-edge XAFS analysis. (a, b) XANES and FT EXAFS spectra of Pt2/mpg-C3N4, Pt1/mpg-C3N4, and
corresponding references. (c, d) The FT EXAFS �tting spectrum of Pt2/mpg-C3N4 at R and K space,
respectively. The inset of c is the optimized geometry of Pt2/mpg-C3N4. (e) WT EXAFS of Pt foil,
Pt1/mpg-C3N4, Pt2/mpg-C3N4, and PtO2. (f) The schematic model of Pt2/mpg-C3N4 (C: grey; N: blue; O:
red; Pt: purple).
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Figure 3

Hydrogenation of nitrobenzene. (a) Catalytic performance for the hydrogenation of nitrobenzene by
Pt2/mpg-C3N4 and other reference samples. (b) Recycling of Pt2/mpg-C3N4 for the catalytic
hydrogenation of nitrobenzene. (c) Hydrogenation of functionalized nitroarenes catalyzed by Pt2/mpg-
C3N4.
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Figure 4

Con�gurations of an adsorbed nitrobenzene molecule. (a) On the Pt2/g-C3N4 and (b) the Pt1/g-C3N4
samples, as well as on (c) a Pt(111) surface. The geometry of isolated nitrobenzene is shown in (d). Bond
lengths (in Å) are marked in black. The teal, gray, blue, red, and white spheres represent the Pt, C, N, O, and
H atoms, respectively.
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Figure 5

Reaction pathways of hydrogenation of nitrobenzene. Reaction pathways for the N-O bond cleavage and
the N-H bond formation (left column: the �rst time; right column: the second time) in the reduction from
nitrobenzene to aniline. The values of the energy barriers are listed within the parentheses in the top
panels.
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Figure 6

Hydrogenation of benzaldehyde and epoxidation of styrene. (a) Catalytic performance for the
hhydrogenation of benzaldehyde by using the Pt2/mpg-C3N4 catalyst. (b) Corresponding catalytic
performance for the epoxidation of styrene.
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